tial fingerprint sequencing of 348 clones (Garcia-Silva et al. 2010) . Although 26% of the sequenced clones represented tRNA-derived fragments, a more thorough sequencing of the small RNAs from epimastigotes showed that 65.3% of more than 282.000 clones represented tRNA-derived fragments (Franzén et al. 2011) . The composition of the small RNA population in T. cruzi was strikingly different from that observed in Trypanosoma brucei, reflecting clear differences in the molecular biology of the two parasites (Michaeli et al. 2012) . Nonetheless, the relative abundance of tRNA-derived fragments could be related to gene expression control under various types of cellular stress, as has been suggested for prokaryotes, yeast, mammalian cells, the protozoans Giardia lamblia and Tetrahymena thermophila (Lee & Collins 2005 , Li et al. 2008 , Pederson 2010 .
In this study, we conducted further analyses of the relative abundance and subcellular localization of T. cruzi tRNA-derived fragments during the infective stage of the parasite. We used T. cruzi metacyclic trypomastigotes derived from Dm28c epimastigotes cultured in vitro, as described by Contreras et al. (1985) . Total RNA was extracted using TRIzol (Invitrogen) and size fractionated on a denaturing 15% polyacrylamide gel electrophoresis (PAGE) gel. Subsequently, 18-40 nt RNAs were excised from the gel, purified and cloned as described by GarciaSilva et al. (2010) . To recover the small RNAs, specific oligonucleotide adaptors containing Ban 1 restriction sites were ligated to the 5' and 3' ends. The RNAs were then reverse transcribed, amplified by polymerase chain reaction for 10 cycles, Ban 1-digested, concatamerized, cloned into the pGEM T-easy vector (Promega Corp) and sequenced. Analyses were performed using the public GenBank (ncbi.nlm.nih.gov/genbank), GeneDB (genedb. org) and TriTrypDB (tritrypdb.org/tritrypdb) databases.
From a total of 844 clones analysed, 509 sequences aligned with the T. cruzi genome, whereas 2.16% showed no matches, indicating that these sequences may correspond to regions of the genome that have not been se-The non-infective epimastigote form of Trypanosoma cruzi undergoes metabolic and morphological adaptations to differentiate into the pathogenic metacyclic trypomastigote form, which causes Chagas disease in mammals (Figueiredo et al. 2000) . Morphological changes are associated with and preceded by a shift in metabolism, which is correlated with the differential expression of several genes (Minning et al. 2009 ). Although the metabolism of the replicative epimastigote is fully active, with constitutive polycistronic transcription, starvation reduces the transcriptional rates of the RNA polymerases in metacyclics (Ferreira et al. 2008) . Despite the reduced level of transcription, translation is detected in these non-replicative forms, indicating that gene expression control in metacyclics occurs primarily at the post-transcriptional level (reviewed in Haile & Papadopoulou 2007) .
Considering the almost exclusive post-transcriptional control of gene expression in T. cruzi, it would be surprising if this organism did not have an alternative pathway to compensate for the absence of an RNA interference system. A myriad of small non-coding RNAs have been reported in trypanosomatids (Dumas et al. 2006 , Garcia-Silva et al. 2010 , Michaeli et al. 2012 , canonical microRNAs, and siRNAs have not been detected in T. cruzi (Franzén et al. 2011 ). Short (20-35 nt) RNAs derived from tRNAs were first observed in cytoplasmic granules in the epimastigote form of T. cruzi after an ini-quenced, exogenous contaminating DNA or differences between the reference strain and the strain used in this study. No sequences matched small nuclear RNA sequences, but 0.98% mapped to small nucleolar RNAs, 2.95% mapped to intergenic regions, 6.09% mapped to mRNAs and 24.56% mapped to rRNAs. Most of the cloned sequences (63.26%) were fragments derived from tRNAs that appeared to be the result of a specific cleavage at or around the anticodon loop (Supplementary data). The tRNA fragments averaged 33 nt in length and were mostly derived from the 3' end (86.96%) of a restricted group of isoacceptors. In contrast with the RNAs obtained from an epimastigote population sequenced by Garcia-Silva et al. (2010) , the tRNA-derived fragments obtained in this study from metacyclics exhibited differences with respect to abundance (tRNA fragments composed 63.26% of the small RNAs in metacyclics versus 26% in epimastigotes), orientation (most of the tRNA fragments were derived from the 3' side of the tRNAs in metacyclics vs. the 5' side in epimastigotes) and origin (in metacyclics, fragments were derived mostly from tRNA Glu , tRNA Thr and tRNA Val ; in epimastigotes, they were generally derived from tRNA Asp and tRNA (2011), we observed that the majority of the fragments were derived from the 3' side of the tRNAs and a significant proportion of these fragments (24.53%) carried the 3' CCA sequence, indicating that both mature and pre-tRNAs undergo the cleavage process. The biological importance of these tRNA fragments is unknown, but we expected that a higher percentage of these fragments would be observed in metacyclics because stressed epimastigotes showed only a slight increase in tRNA-derived fragments (Garcia-Silva et al. 2010 ). This phenomenon is likely observed because tRNA cleavage is a conserved process in cells under various types of stress and metacyclic trypomastigotes are the product of epimastigote differentiation triggered by nutritional stress (Contreras et al. 1985) . A comparison of our results with those of Garcia-Silva et al. (2010) demonstrates that the percentage of tRNA fragments is clearly higher in metacyclics. In contrast, this difference is not observed by Franzén et al. (2011) . Moreover, the epimastigote tRNA-derived fragments sequenced by Franzén et al. (2011) are mostly derived from the 3' arm of tRNA His . These discrepancies could be due to differences in the strains analysed in the two studies and to the cloning and sequencing methods used. Franzén et al. (2011) used a different strain (CL Brener) and analysed a much larger number of clones using RNAseq, which provided a higher coverage of the parasite genome.
The cloned RNA sequences were aligned using the LocARNA server (Will et al. 2007 ) and the secondary structures identified using the RNAalifold server (Bernhart et al. 2008 ) from the Vienna RNA package and were adjusted manually according to the secondary structural domains of canonical tRNAs. The predicted secondary structures adopted by the most abundant 3' tRNA fragments revealed that, upon cleavage around the anticodon nucleotides, the tRNA fragment maintained the TψC loop conformation and was extended a few extra base pairs into the double-stranded stem, resulting in an energetically favourable structure (Supplementary data). Although this result is based only on computational calculations and does not confirm the true molecular structure in vivo, the fact that the most abundant tRNA-derived fragments can assume a similar, relatively stable configuration suggests a structural (or functional) significance.
The subcellular localization of the tRNA-derived fragments in the metacyclic forms was evaluated through fluorescence in situ hybridisation (FISH) using probes complementary to the 5' and 3' ends of tRNA Glu-UUC (the most abundantly cloned tRNA fragment). FISH assays showed that these fragments are dispersed throughout the cytoplasm in metacyclics, whereas stressed epimastigotes exhibited the same posterior granular distribution as non-stressed epimastigotes ( Fig. 1 ). To further analyze the cellular localization of the tRNA-derived fragments, metacyclic cells were gently lysed in lysis buffer (300 mM KCl, 10 mM MgCl 2 , 10 mM Tris-HCl 7.4 pH and 0.5% NP40) for 5 min. Two fractions were collected: the supernatant, containing only the soluble cytosol contents (S), and the insoluble fraction, or pellet (P), containing insoluble organelles, vesicles and cellular membranes. Both fractions were loaded on a sodium dodecyl sulphate-PAGE (10%) and transferred onto Hybond-C membranes (Amersham). Western blots were performed using antibodies to TcPUF6 (1/250), a cytosolic RNA binding protein (Dallagiovanna et al. 2005) , and dynamin (1/200), a membrane protein present in endocytic vesicles (Pucadyil & Schmid 2009) (Fig.  2F, G) . Northern blots were conducted using total RNA extracted from the two cell fractions (S and P) and a ra- Fig. 1 : subcellular localization of tRNA-derived RNAs in metacyclic trypomastigote forms. A: differential imaging contrast of metacyclic (M) and stressed epimastigote forms (SE); B: 4'-6-diamidino-2-phenylindole staining was used as a reference to identify nuclei (n) and kinetoplast (k); C: fluorescein isothiocyanate (FITC)-labeled probes recognizing the 3' fragment tRNA Glu-UUC (5'TTCCGATACCGGGAATCGA3') in SE (arrows) and M forms (arrowheads); D: merged images (Bar = 10 µm). Cells were observed under an Olympus IX 81 microscope coupled to a Hamamatsu Orca-ER camera (Diagnostic Instruments); E: total RNA from soluble (S) and insoluble (P) metacyclic cell fractions were analyzed with the radioactively labelled probe 3'tRNA Glu-UUC , as in Garcia-Silva et al. (2010) . Western blot assays with F (anti TcPUF6) and G (anti-Dynamin) sera were performed to assess the identity of both fractions. diolabeled probe specific to the tRNA Glu-UUC fragment. The tRNA-derived fragments were detected in both fractions, supporting the dispersed pattern observed in the immunofluorescence assays (Fig. 2E) . The signal observed for the insoluble cellular fraction could indicate the presence of these RNAs in smaller intracellular vesicles. Nonetheless, their dispersed pattern in the cytoplasm in metacyclics contrasts with the granular and posterior localization in epimastigotes, in which a partial co-localization with reservosomes has been inferred. The dismantling of the tRNA fragments in metacyclics could be correlated with the absence of reservosomes in this life stage (Figueiredo et al. 2000) and is consistent with the described cytoplasmic localization of the type II tRNA-derived fragments. Type II tRNA-derived fragments are most likely generated in the cytosol by RNaseZ cleavage and by RNA polymerase III termination and these fragments have been found to coimmunoprecipitate with Argonaute proteins (Elbarbary et al. 2009 , Haussecker et al. 2010 ). This dramatic change in subcellular localization is puzzling and suggests distinct roles for these molecules during the different stages of the parasite life cycle.
To determine whether the dispersed tRNA-derived fragments were associated with translating polysomes, metacyclic and epimastigote forms of T. cruzi were treated with cycloheximide and the polysomes were purified and separated on sucrose gradients, as previously described (Nardelli et al. 2007) (Fig. 2A, D) . Parasite extracts were also treated with puromycin as a negative control (not shown). The polysomes, monosomes and ribosome-free fractions were pooled and the total RNA was extracted. After acrylamide gel separation and staining, a high concentration of small RNAs was observed in the ribosome-free pool for the metacyclic and epimastigote forms and a faint small RNA signal was observed in the ribosome-containing fractions (Fig.  2B, E) . Northern blot analysis confirmed that tRNAderived fragments from metacyclics and epimastigotes were concentrated in the ribosome-free fractions (Fig.  2C, F) . Therefore, tRNA-derived fragments may not be related to the repression of the translational machinery. The knockdown of the tRNA-derived fragments and structural analysis should be used to help uncover the biological importance of these RNAs. Polysome profiles of (A) metacyclic trypomastigote and (D) epimastigote forms. Fractions were collected and pooled (RF: ribosome free; S/M: subunits and monomers; P: polysomes). RNA was purified and separated into 15% acrylamide gels (B, E). Northern blots of metacyclic (C) and epimastigote RNA (F) analyzed with the radioactively labelled probe tRNA Glu-UUC , as in Fig. 1 
